Introduction {#S0001}
============

*Mycobacterium tuberculosis* (MTB) remains the deadliest bacterial infectious disease worldwide,[@CIT0001] and is responsible for approximately 10.0 million new cases of active tuberculosis (TB) cases and 1.6 million deaths in 2017.[@CIT0002] Treatment of active pulmonary TB patients infected with drug-susceptible MTB requires the 6-month standard regimen: isoniazid (INH), rifampicin (RIF), ethambutol and pyrazinamide.[@CIT0003] The long-term therapy and occurrence of adverse drug events can adversely impact patient adherence to anti-TB treatment,[@CIT0004] thereby resulting the emergence of drug-resistant MTB bacilli. Recently, the increasing incidence of multidrug-resistant TB (MDR-TB), defined as resistance to both INH and RIF, highlights the urgent need for developing new antimicrobial agents and formulating new regimens against this severe form of drug-resistant TB.[@CIT0004] Although great effort has been made in new drug discovery and development in past decades, its costly and lengthy process allows the repurposing of old drugs as an attractive alternative strategy to provide valuable choice for patients infected with drug-resistant TB.

Para-aminosalicylic acid (PAS) is a second-line anti-TB drug (SLD) that was found to be effective for treatment of TB in the 1940s.[@CIT0005] As a structural analog of p-aminobenzoic acid, it disrupts folate metabolism through competitive binding with dihydrofolate reductase, thereby inhibiting the growth of tubercle bacilli.[@CIT0005] Despite having excellent efficacy against TB in both in vitro experiments and clinical trials, PAS was eventually replaced with a better-tolerated ethambutol due to gastrointestinal disturbance associated with the usage of PAS.[@CIT0005] Later, the global spread of MDR-TB necessitated the repurposing of PAS as an important second-line agent.[@CIT0005] Previous pharmacokinetics data indicated that PAS could increase plasma levels and prolong effective time of INH by retarding the acetylation pathway of INH.[@CIT0006] Therefore, the in vivo interaction between INH and PAS indicates that the coadministration of PAS with INH could bring additional benefit for TB cases, especially for rapid acetylators. More importantly, high-dose INH is endorsed as part of a standardized treatment regimen for patients with MDR-TB.[@CIT0007] Despite having the interesting pharmacokinetic property, the synergistic effect between INH and PAS is another concern with clinical coadministrated usage of these agents, whereas little is known about their interaction during TB therapy. Therefore, the purpose of this work was to assess the activity of PAS in combination with INH against clinical isolates of MTB.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

A total of 72 MTB isolates from Beijing Chest Hospital were included in this study, comprising 24 pan-susceptible, 24 MDR-TB, and 24 extensively drug-resistant (XDR) isolates. The MTB isolates were routinely cultured for diagnosis purpose rather than for this study. The drug susceptibility for isoniazid, rifampicin, ethambutol, streptomycin, amikacin (AMK) and levofloxacin (LVX) was determined with the absolute concentration method as previously described.[@CIT0008] *Mycobacterium* species identification was performed by sequencing of multiple genes, including 16S rRNA, *hsp65, rpoB*, and 16S-23S rRNA internal transcribed spacer sequence.[@CIT0009] MDR-TB is defined as MTB isolate resistant to at least INH and RIF; XDR-TB is defined as MTB strain resistant to INH, RIF, LVX and AMK. A strain of H37Rv (ATCC 27294) was used as the control. Stock solutions of the isolates were stored in Middlebrook 7H9 broth containing 10% glycerol at −70°C until assay. Prior to conducting phenotypic drug susceptibility testing, the strains were subcultured on on Löwenstein--Jensen (L-J) slant for 4 weeks at 37°C.

Antibacterial activity assay {#S0002-S2002}
----------------------------

The antimicrobial agents used in study were ordered from Sigma-Aldrich (St Louis, MO, USA). A microplate alamarBlue assay was performed to identify the minimal inhibitory concentrations (MICs) of MTB isolates as previously described.[@CIT0010] Briefly, the inoculum was prepared with the 4-week-old cultures on L--J medium. The turbidity of the cultures was adjusted to a 1.0 McFarland standard, and diluted 1:20 in Middlebrook 7H9 broth. Then 100 μL of dilution was added into the wells of the 96-well plate containing two-fold serial dilutions of each tested compound. After 7 days of incubation at 37°C, 70 μL of alamarBlue solution was pipetted to each well, incubated for 24 hours at 37°C, and assessed for color change. The MIC was defined as the lowest drug concentration that prevented a color change from blue to pink. The reference strain, MTB ATCC 27294, was used as a control in all MIC determinations. All the experiments were performed in triplicate.

Combination testing {#S0002-S2003}
-------------------

A checkerboard assay was employed to assess whether drug combinations act synergistically, indifferently, or antagonistically.[@CIT0010] Fractional inhibitory concentration index (FICI) was calculated by use of the following formula: the MIC of drug A tested in combination divided by the MIC of drug A alone plus the MIC of drug B tested in combination divided by the MIC of drug B alone. FICI values were interpreted as follows: FICI ≤0.5, synergy; 0.5\<FICI≤2, indifference; FICI \>2, antagonism.

Data analysis {#S0002-S2004}
-------------

The Pearson chi-squared test was used to compare the proportions of synergistic effect in MTB isolates stratified by drug susceptibility profiles and genetic mutation types. Two-sided *P*-values of \<0.05 was considered statistically significant. All the statistical analyses were done using SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA).

Results and discussion {#S0003}
======================

A total of 72 MTB isolates with differential in vitro drug susceptibilities were included in this study. The detailed drug susceptibility profiles are given in [Table 1](#T0001){ref-type="table"}. Out of 24 MDR-TB isolates, 7 (29.2%) were resistant only to INH and RIF. In addition, 4 (16.7%) were resistant to EMB, 11 (45.8%) were resistant to STR, and 3 (12.5%) were resistant to LVX. For 24 XDR-TB isolates, streptomycin (STR) resistance was the most frequently detected resistance, accounting for 66.7% (16/24) of XDR-TB isolates tested. There were 9 isolates (37.5%) that were resistance to all the six anti-TB drugs.Table 1Drug susceptibility profiles of *M. tuberculosis* isolates enrolled in this studyDrug susceptibility profileNo. of isolatesProportion (%)**Susceptibility to all six anti-TB drugs^a^**2433.3**Multidrug resistance^b^**2433.3 INH+RIF79.7 INH+RIF+EMB45.6 INH+RIF+STR1013.9 INH+RIF+LVX11.4 INH+RIF+STR+LVX22.8**Extensive drug resistance^c^**2433.3 INH+RIF+LVX+AMK68.3 INH+RIF+EMB+LVX+AMK22.8 INH+RIF+STR+LVX+AMK79.7 INH+RIF+EMB+STR+LVX+AMK912.5**Total**72100.0[^2][^3]

The comparative data obtained by using the x/y quotients for the determination of the interactions between INH and PAS against 72 MTB isolates are summarized in [Table 2](#T0002){ref-type="table"}. By the microdilution method, the MIC~50~ of INH was 4 mg/L, and that of PAS was 0.063 mg/L when single drug used. The combined use of INH and PAS resulted in 16-fold and 8-fold decrease in MIC~50~ for INH (MIC~50~=0.25 mg/L) and PAS (MIC~50~=0.008 mg/L), respectively. As a consequence, the INH-PAS revealed synergistic activity in 94.4% (68/72) of the isolates, whereas indifference and antagonism were detected in only three (4.2%) and one (1.4%) strains, respectively. In addition, we also analyzed the proportion of strains exhibiting synergy with the INH-PAS combination stratified to drug resistant profiles. As shown in [Table 2](#T0002){ref-type="table"}, synergistic activity was identified in 24 (24/24, 100.0%) Pan-S, 23 (23/24, 95.8%) MDR-TB and 21 (21/24, 87.5%) XDR-TB isolates. There was no significant difference in the FICI of the INH-PAS combination among individual isolates harboring a different susceptibility pattern (*P*\>0.05).Table 2The distribution of synergistic effect between INH and PAS against MTB isolatesMIC~50~ (mg/L)No. of isolates (%)ClassificationINH aloneINH combinationPAS alonePAS combinationSynergyIndifferenceAntagonismPan-S0.0630.016\<0.063\<0.00824 (100.0)0 (0.0)0 (0.0)MDR80.50.250.01623 (95.8)1 (4.2)0 (0.0)XDR16110.03121 (87.5)2 (8.3)1 (4.2)Total40.250.0630.00868 (94.4)3 (4.2)1 (1.4)[^4]

INH remains one of the most potent anti-TB agents used in the treatment of tuberculosis.[@CIT0004] The increasing prevalence of INH resistance, especially in a setting with a high burden of TB, impairs the efficacy of INH against MTB in clinical practice.[@CIT0011] In this study, our in vitro data demonstrated that the INH-PAS combination revealed synergistic activity in most of clinical MTB isolates. In other words, the presence of PAS significantly increases the susceptibility to INH in clinical MTB isolates. This synergistic effect may have several explanations. First, recent findings clearly demonstrate that PAS has a specific role for interference of folate metabolism, thereby inhibiting the biosynthesis of nucleic acid.[@CIT0005] We hypothesize that the supplement of PAS at nonlethal dose would perturb the production of the target gene of INH encoding an enoyl-acyl carrier protein reductase, and further decrease the MIC level of INH in inhibition of MTB growth. Second, while folate metabolism is a principal target of PAS action in MTB, there is strong evidence that PAS can disrupt with mycobacterial iron acquisition.[@CIT0005] In addition, it was found that the decreased iron supplement has a positive impact on the effect of anti-TB treatment by INH,[@CIT0012] indicating that MTB showed an enhancement in INH susceptibility when cultivated under iron-limiting conditions. Therefore, the capability of PAS in the iron acquisition for MTB may be another important explanation for the synergistic effect. Besides, we found that there were four isolates exhibiting indifference or antagonism with the INH-PAS combination, which were all from MDR- or XDR-TB groups. A previous study by Velayati and colleagues demonstrated that the thickness of cell for drug-resistant TB was significantly thicker than that for susceptible isolates.[@CIT0013] Despite lack of experimental evidence, we hypothesize that a lack of synergistic effect between INH and PAS may be due to the potential increase in the cell wall thickness for these isolates.

The synergy between PAS and INH demonstrated that INH could lower the MIC of PAS for these MTB isolates. Although the exact reason remains unclear, one possible explanation for this observation may be due to the bactericidal mechanism of INH that inhibits cell wall lipid synthesis.[@CIT0014] There is no doubt that the in vitro addition of INH will increase permeability of the bacterial envelope, thus increasing penetration of PAS into bacilli and contributing the enhanced susceptibility of MTB to PAS. Our findings have several important implications for TB treatment with INH. On the one hand, the existing evidence indicates that high-dose INH is effective in the presence of the *inhA* promoter mutation while in absence of the *katG* mutation.[@CIT0015] Therefore, the combined use of PAS and INH may bring additional benefit for treating TB patients infected with mutants of low level INH resistance. Consistent with our observation, a clinical trial from Ukraine has demonstrated that the regimens with PAS for previously treated TB cases resulted in faster time to sputum conversion and better clinical outcomes than the regimens without PAS.[@CIT0016] On the other hand, patients can be divided into slow or rapid inactivators on the basis of the rate of acetylation of INH,[@CIT0017] which is associated with the diversity of serum INH levels. The rapid acetylators may experience treatment failure due to low INH levels.[@CIT0017] Previous studies have confirmed that the coadministration of PAS with INH could increase plasma levels of INH.[@CIT0006] In addition to the above-mentioned advantage, our finding on the synergy between INH and PAS suggests that this anti-TB drug combination would improve the effectiveness of INH against MTB for the rapid acetylators. Further clinical trials are urgently needed to confirm the in vitro potency of INH-PAS combination.

In conclusion, our data demonstrate that PAS shows the synergistic effect against non-MDR, MDR and XDR-TB when in combination with INH. Although the exact explanation for this synergy remains unclear, our results will provide clinicians with useful hints to reuse this combination for treatment of TB patients in clinical practice.
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